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Intertidal habitats provide numerous ecosystem services, including the sequestration 
and storage of carbon, a topic of great recent interest owing to land-cover transitions 
and climate change. Mangrove forests and seagrass meadows form a continuum of 
intertidal habitats, alongside unvegetated mudflats and sandbars, however, studies 
that consider the carbon stocks across these spatially-linked, threatened ecosystems 
are limited world-wide. This thesis presents the results of a field-based carbon stock 
assessment of aboveground, belowground and sediment organic carbon pools to a 
depth of 1 m, at Chek Jawa, Singapore. It is the first study of ecosystem carbon 
stocks of both vegetated and unvegetated intertidal habitats in the tropics. Ecosystem 
carbon stock was 497 Mg C ha
-1
 in the mangrove forest and 138 Mg C ha
-1
 in the 
seagrass meadow. Sediment organic carbon stock dominated the total storage in both 
habitats, constituting 62% and >99% in the mangrove forest and seagrass meadow 
respectively. In the adjacent mudflat and sandbars, which had no vegetative 
components, sediment organic carbon stock ranged from 124-143 Mg C ha
-1
, 
suggesting that unvegetated habitats have a carbon storage role on the same order of 
importance as seagrass meadows. This study reinforces the importance of sediment 
in carbon storage within the intertidal ecosystem, and demonstrates the need to 
consider unvegetated habitats in intertidal ‘blue carbon’ stock assessments. Local, 
field-based carbon measurements provide an estimate of organic carbon stocks in 
Chek Jawa, important for understanding the carbon storage capacity and aiding the 
management and conservation of these threatened intertidal ecosystems in Singapore 
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1.1 Coastal development in the tropics 
The loss of tropical intertidal habitats through human activities has occurred 
throughout history but has accelerated in the past few decades (Pendleton et al., 
2012). Causes of the rapid decline and deterioration of intertidal habitats include 
aquaculture development, coastal landfilling, deforestation, overexploitation of 
timber and urbanization (Alongi, 2002; Duarte, 2002; Duke et al., 2007; Friess and 
Webb, 2014).  
Intertidal habitats provide numerous ecosystem services, such as food, water, 
coastal protection, education and research opportunities, soil formation and nutrient 
cycling (Barbier et al., 2011; MEA, 2005; Moberg and Rönnbäck, 2003). The rapid 
loss of intertidal habitats such as mangroves forests (Valiela et al., 2001) and 
seagrass meadows (Duarte, 2002), will inevitably reduce the ecosystem functions 
they provide. In addition to the adverse effects on biodiversity (Alongi, 2002), the 
decline also affects carbon sequestration and storage potential of intertidal habitats, 
which aids in mitigating climate change impacts, a topic of recent interest (Alongi, 
2012; Donato et al., 2011; Duarte et al., 2013; Fourqurean et al., 2012a). 
  
1.2 Why blue carbon? 
Deforestation and land-use changes, in part driven by the factors described above, 
contribute approximately 15% of global anthropogenic carbon dioxide emissions 
(van der Werf et al., 2009). Recent climate change initiatives focused on the 
potential for terrestrial carbon and forest conservation through Payments for 





Ecosystem Services (PES) instruments such as Reducing Emissions from 
Deforestation and Forest Degradation (REDD+). Under such schemes, stakeholders 
will be paid for the carbon preserved by protecting an area, often terrestrial forested 
habitats, and avoiding emissions that would otherwise be generated by deforestation 
(Agrawal et al., 2011). The large pools of ‘blue carbon’ stored in intertidal 
ecosystems (Donato et al., 2011; Fourqurean et al., 2012a; Kennedy et al., 2010; 
Nellemann, et al., 2009) make them good candidates for PES initiatives, such as 
REDD+, in tropical developing countries (Alongi, 2012). 
Carbon stored in intertidal ecosystems such as mangrove forests and seagrass 
meadows are in many instances higher than terrestrial forest ecosystems (Figure 1.1) 
(Donato et al., 2011; Fourqurean et al., 2012a; Howard et al., 2014). While 
aboveground biomass dominates the terrestrial ecosystem carbon stocks (Ziegler et 
al., 2012), sediment is the largest organic carbon store in intertidal ecosystems, due 
to the trapping of both autochthonous and allochthonous material (Adame et al., 










Figure 1.1 Mean carbon stored in vegetated habitats. Soil organic carbon dominated the 
ecosystem carbon stocks in coastal vegetated habitats, constituting 50% to more than 90%. 
(Source: Howard et al., 2014). 





Recent studies on blue carbon have focused on organic carbon storage in the 
aboveground and belowground living biomass as well as sediment organic carbon of 
mangrove forests and seagrass meadows to a depth of at least 1 m (Abino et al., 
2014; Campbell et al., 2014; Donato et al., 2012; Kauffman et al., 2011; Wang et al., 
2013). While such studies provide a holistic account of carbon stocks within the 
ecosystem that is being studied, most place emphasis on a single habitat only, either 
a mangrove forest or seagrass meadow (Campbell et al., 2014; Donato et al., 2011; 
Fourqurean et al., 2012a; Jones et al., 2014; Kauffman et al., 2014; Thompson et al., 
2014; Tue et al., 2014). However, in reality, intertidal systems do not exist in 
isolation, but form a continuum with adjacent vegetated and unvegetated habitats, 
such as mudflats and sandbars (Krumme, 2009). Strong connectivity exists between 
the adjacent habitats, in particular, mangroves and seagrasses, through the coupling 
of both primary and secondary production (Yáñez-Arancibia et al., 1993), which 
will affect carbon storage. In addition, intertidal habitats store a large proportion of 
carbon in their sediment; hence, unvegetated mudflats and sandbars may play 
important roles in carbon storage in these ecosystems. Excluding these habitats in 
carbon stock assessments will greatly underestimate their carbon storage potential. 
Studies that consider the ecosystem carbon stocks in these spatially-linked habitats 
are needed to better understand the contribution of the broader intertidal habitats in 
carbon sequestration and storage.  
 
1.3 Aim and objectives of research 
The aim of this research was to investigate the contribution of both vegetated and 
unvegetated intertidal habitats to the ecosystem carbon stocks of a tropical intertidal 
habitat mosaic. This research was conducted at Chek Jawa, Singapore, which consist 





of mangrove forest, seagrass meadow, mudflat and sandbars. The aim of this 
research was addressed through the following two research questions: 
 
Research question 1: Do vegetated habitats such as mangrove forests and seagrass 
meadows have higher ecosystem carbon stocks than unvegetated habitats such as 
mudflats and sandbars? 
Ecosystem Carbon Stocks (ECS): aboveground organic carbon stocks (AGC), 
belowground organic carbon stocks (BGC) and sediment organic carbon stocks 
(SOC) of individual habitats were quantified at Chek Jawa intertidal habitat mosaic. 
 
Research question 2: Sediment organic carbon stock is expected to dominate ECS, 
but are sediment organic carbon content and other sediment properties consistent 
with depth? 
Variations in sediment properties: organic carbon content, organic matter, bulk 
density and particle size distribution, in relation to sediment depth were determined.  
 
1.4 Layout of the thesis 
Chapter 2 introduces the intertidal habitats and the ecosystem services provided by 
these habitats. It also discusses the concept of blue carbon and its carbon 
sequestration processes, as well as a review of recent studies on ecosystem carbon 
stocks in these intertidal habitats. Chapter 3 provides the historical distribution of 
intertidal habitats in Singapore and a description of the study area and the wider 
geomorphic setting. Chapter 4 details the methods employed in this study, including 
fieldwork methods, laboratory methods and statistical analyses. Chapter 5 presents 
the ecosystem carbon stock results of this study. Chapter 6 discusses the results and 





compares the findings with blue carbon studies in other intertidal habitats in the 
tropics and ecosystem carbon studies in Singapore. Limitations and suggestions for 
future research are provided. Finally, Chapter 7 provides a summary and conclusion 
to this thesis and details the implications of this research.  
 
A synthesis of this thesis has been published in Earth Surface Processes and 
Landforms special issue on ‘Carbon and Landscape Dynamics’:   
Valerie XH Phang, LM Chou and Daniel A Friess. Ecosystem carbon stocks across a 
tropical intertidal habitat mosaic of mangrove forest, seagrass meadow, mudflat and 








2.1 Intertidal habitats 
The intertidal environment is an interface between the land and sea (Viles and 
Spencer, 1995). It is characterised by fluctuating temperature and salinity, frequent 
inundation, soft substrate with anaerobic soils and low oxygen concentrations in the 
water (Hogarth, 2007; Zedler and Kercher, 2005). Despite these physiologically 
stressful conditions, vegetated habitats such as mangrove forests and seagrass 
meadows are commonly found in the intertidal environment.  
Mangrove forests are made up of woody trees and shrubs. Their geographical 
distributions are defined by ocean currents and warm sea temperatures, hence, they 
are predominantly found within the 20˚C winter seawater isotherm (Alongi, 2002). 
They occupy an area of approximately 138,000 km
2
 in 118 countries (Figure 2.1) 
(Giri et al., 2011) and there are about 70 mangrove species (Spalding et al., 2010) in 
the world, with Indo-Pacific being the most biologically diverse (Alongi, 2002; 
Spalding et al., 2010; Tomlinson, 1986).  
Given the physiologically stressful conditions of the intertidal region, 
mangroves have developed morphological and physiological traits to adapt to their 
environment (Alongi, 2002). Mangrove trees have extensive aerial root systems to 
stabilise themselves in the soft substrate and allow for gas exchange; viviparous and 
cryptoviviparous seedlings; high salt tolerances and exclusion capacities as well as 
the ability to maintain water and carbon in their systems (Alongi, 2002; Chapman, 
1976; Tomlinson, 1986). 
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Seagrasses are marine angiosperms, with either strap-like leaf blades or small 
oval leaves that grow in the intertidal and subtidal areas (Short et al., 2007). They 
can be found in tropical and temperate coastlines, except the Antarctica (Figure 2.2) 
(Green and Short, 2003; Short et al., 2007). Due to their dependence on light for 
photosynthesis, most seagrasses are restricted to the upper depths of the subtidal 
zone (Hogarth, 2007). It is estimated that globally, seagrasses occupy an area of 
177,000 km
2 
(Waycott et al., 2009), however, this may be an underestimation as 
limited mapping is conducted in turbid waters and in the Indo-Pacific region with 
abundant seagrasses (Waycott et al., 2009). In addition, some of the pioneer seagrass 
species such as Halophila ovalis and Halophila uninervis are ephemeral in nature 
and their coverage may have been omitted in mapping. Despite having a wider 
geographic distribution and coverage than mangrove forests, there are only about 60 
species worldwide (Green and Short, 2003; Waycott et al., 2009) with tropical 
countries having the greatest species diversity (Short et al., 2007). Similar to 
mangrove vegetation, seagrasses have developed morphological characteristics to 
survive in their ecological niche. Widespread horizontal rhizomes and roots allow 
anchorage in the soft substrate, high tolerances to salinity and the ability to pollinate 
and disperse seeds underwater (Green and Short, 2003; Hogarth, 2007). 
Besides vegetated mangrove forests and seagrass meadows, unvegetated 
mudflat and sandbars are commonly found in the intertidal environment (Bucher and 
Saenger, 1991; Dyer et al., 2000; Green and Coco, 2007; Sutherland et al., 2013). 
Mangrove forests are frequently adjacent to or fringed by mudflat on their seaward 
edge (Kruitwagen et al., 2010; Payne and Gillanders, 2009; Walton et al., 2006) 
while seagrass meadows are usually interspersed by bare sand within their meadow 
or neighbouring sandbars (Gacia et al., 2002; Lewis, 2000).  









































































































2.2 Ecosystem services of intertidal habitats 
Intertidal habitats play important roles in the functioning of ecosystems. They 
provide numerous cultural, provisioning, regulating and supporting services which 













Figure 2.3 Ecosystem services provided by intertidal habitats that contribute to human well-
being. (Source: MEA, 2005). 
 
2.2.1 Cultural services 
Cultural services are intrinsic benefits derived from ecosystems (MEA, 2005). 
Intertidal habitats are important sites for tourism, recreational and spiritual activities 
(Cullen-Unsworth et al., 2014; Uddin et al., 2013). They provide education and 
research opportunities with a multitude of studies focusing on biodiversity, 
conservation, restoration and most recently, carbon storage (Donato et al., 2011; 
Fourqurean et al., 2012a; Gray, 1997; Hansson et al., 2005; Thiagarajah et al., 2015; 
Vierros, 2013). 
Chapter 2   Background 
11 
 
 2.2.2 Provisioning services 
Intertidal habitats are important for food, fuel, medicine, pharmaceuticals and fresh 
water (MEA, 2005). Mangrove wood is important for building and as a source of 
fuel (Barbier et al., 2011). Mangrove forests and seagrass meadows act as nurseries 
and support a high density of commercial reef fishes and crustaceans (Berkström et 
al., 2013; Dorenbosch et al., 2004; Honda et al., 2013; Kimirei et al., 2011; 
Nagelkerken et al., 2008). Mangrove and seagrass litter and detritus are potential 
food sources for fishes and crustaceans, while the complex mangrove roots and 
seagrass leaves provide a form of shelter (Nagelkerken et al., 2008). In addition, 
seagrasses are the primary food sources for sea turtles and dugongs (Fortes, 1988; 
Green and Short, 2003), which are vulnerable marine species (IUCN, 2014). 
Mudflats support a rich diversity of meiofauna and macrofauna, making them 
important feeding grounds for migratory shorebirds (Murray et al., 2015; Piersma et 
al., 1993; Xuan et al., 2007). In addition, intertidal mudflats are also important 
sources of bivalves and crustaceans, supporting top marine predators and providing 
food for human consumption (Leguerrier et al., 2004; Moberg and Rönnbäck, 2003).  
 
2.2.3 Regulating services 
Intertidal habitats aid in climate, water and erosion regulation (MEA, 2005). 
Mangroves and seagrasses are important in shoreline stabilization and protection 
(Gacia and Duarte, 2001). The extensive aboveground mangrove aerial roots and 
seagrass leaves along with the dense belowground roots and rhizomes system are 
able to attenuate waves, thereby, reducing water flow, enabling efficient sediment 
trapping and binding which prevents erosion (Agawin and Duarte, 2002; de Boer, 
2007; Koch et al., 2009; Orth et al., 2006; Scoffin, 1970). Even intensively grazed 
Chapter 2   Background 
12 
 
and short canopy seagrass meadows are able to effectively stabilize sediment due to 
its dense belowground biomass (Christianen et al., 2013). As a result, vegetated 
intertidal habitats are able to enhance sediment accumulation and increase its 
organic carbon storage capacity (Adame et al., 2013; Barbier et al., 2011; Kennedy 
et al., 2010; Lovelock et al., 2013; Twilley et al., 1992). Sandbars, especially those 
in the seaward edge of the intertidal habitats, act as natural barriers (Houser and Hill, 
2010) thereby protecting the intertidal habitats in the landward direction. 
 
2.2.4 Supporting services 
Intertidal habitats support soil formation, photosynthesis, nutrient and water cycling 
(MEA, 2005). Mangroves and seagrasses are significant carbon, nitrogen and 
phosphorus contributors to the intertidal ecosystems (Alongi, 1990; de Boer, 2000; 
Fourqurean et al., 2012b; Gacia et al., 2002). Recent studies demonstrate the ability 
of intertidal habitats to store carbon in their soil over centuries or millennia (Donato 
et al., 2011; Fourqurean et al., 2012a).  
While mangrove forests, seagrass meadows, mudflats and sandbars provide 
numerous ecosystem services, they are not autonomous entities; rather, they are part 
of a greater interconnected intertidal ecosystem. Ecosystem services provided by one 
habitat are very much influenced by adjacent habitats (Moberg and Rönnbäck, 2003). 
This is due to their close proximity within the intertidal environment, enabling 
mutual coupling in both its primary and secondary production (Yáñez-Arancibia et 
al., 1993). Furthermore, ecosystem services provided by these intertidal habitats are 
non-linear. There are spatial and temporal differences as well as connections 
between the services provided by the intertidal habitats which may collectively offer 
a greater value than considering ecosystem services provided by an individual unit. 
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2.3 Carbon sequestration and storage – a key ecosystem service 
Carbon storage in terrestrial forests is primarily in the living tree biomass (Ziegler et 
al., 2012), while carbon storage in intertidal habitats is largely in its organic rich 
sediment (Donato et al., 2011; Fourqurean et al., 2012a; Howard et al., 2014; 
Nellemann et al., 2009), accumulated over centuries from both autochthonous and 
allochthonous sources (Adame et al., 2012; Duarte et al., 2005; Saintilan et al., 
2013).  
 Vegetated mangroves and seagrasses store carbon in their living biomass but 
mostly over shorter time scales, i.e. decades (Duarte et al., 2005; McLeod et al., 
2011). When these autochthonous sources or living biomass of mangroves (trunk, 
branches, leaves, roots) and seagrasses (leaves, sheaths, shoots, stems, roots and 
rhizomes) decompose, they contribute to carbon burial in the sediment, which are 
able to store organic carbon sustained over millennia (Duarte et al., 2005). 
Allochthonous material such as macroalgae, terrestrial- and marine-derived 
suspended sediment can be deposited in the intertidal systems through tidal 
exchanges and longshore currents (Adame et al., 2012; Bouillon et al., 2003; 
Wolanski, 1992). In addition, mangrove roots aid in sediment accretion (Krauss et 
al., 2014; Lovelock et al., 2013) while seagrass meadows act as efficient sediment 
traps and buffer against re-suspension (Gacia and Duarte, 2001; Krauss et al., 2014; 
Lovelock et al., 2013). These sediment and organic matter sources, together with the 
waterlogged, anoxic condition of the soil slows down decomposition rates while 
promoting the accumulation of high concentrations of organic carbon with the bulk 
of the carbon stored in its organic-rich soils (Chmura et al., 2003; Donato et al., 
2011; Fourqurean et al., 2012a; Kristensen et al., 2008; Lovelock, 2008). 
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2.4 Recent blue carbon studies 
Recent interest in blue carbon has led to an increase in carbon stock assessments in 
the mangrove forests and seagrass meadows (e.g. Donato et al., 2011 and 
Fourqurean et al., 2012). Numerous studies have historically quantified the carbon 
storage components of intertidal ecosystems in the living biomass (Clough, 1998; 
Ong, 1993) and sediment (Alongi et al., 2004). However, studies now take into 
account the ecosystem carbon stocks, including aboveground mangrove trees and 
seagrass living biomass, belowground roots and rhizomes along with the sediment 
organic carbon to provide a holistic account of carbon stocks in the intertidal 
habitats (Donato et al., 2011; Fourqurean et al., 2012a).  
 
2.4.1 Mangrove carbon studies in the Indo-Pacific 
Donato et al. (2011) conducted ecosystem carbon stock assessments in 25 mangrove 
forests in the Indo-Pacific, where the highest species diversity and largest tracts of 
mangroves are found (Spalding et al., 2010). They revealed that 49-98% of carbon 
in the mangrove forests (based on study sites in Borneo, Ganges-Brahmaputra, Java, 
Kosrae, Palau, Sulawesi and Yap) were stored in the organic rich sediment. 
Furthermore, most mangrove carbon studies in the tropical region also showed 
dominance in the sediment organic carbon stocks, with an average of 69% and a 
range of 33-97% (Table 2.1). High sediment organic carbon stocks were a result of 
high productivity in the mangrove forest with dense mangrove roots enhancing 
sediment deposition and the anoxic nature of the soil, resulting in high organic 
carbon content. High ecosystem carbon stocks in the mangrove forests of Borneo, 
Sulawesi, Yap and Kosrae were also due to deeper sediment depths sampled (162-
300 cm) alongside high sediment organic carbon content of 9.3-18.1% (Table 2.1).   
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Table 2.1 Summary of recent (2011-2014) ecosystem carbon stocks studies in mangrove 
forests. 
    
    
      
   
Carbon stock (Mg C ha
-1
) Sediment properties 

























E 15 572 587 0.50 5.6 211.5 
3 Borneo
1






E 139 2064 2203 0.40 18.1 300 
5 





E 140 623 762 0.72 2.0 250 
6 Sundarbans
3






E 169 753 922 0.30 17.5 195 
8 Mozambique
5










































O 126 574 950 0.50 15.1 87 
16 Madagascar
9
 O 70 429 499 0.91 3.0 150 
References are : 
1
Donato et al., 2011; 
2
Tue et al., 2014; 
3
Ray et al., 2011; 
4
Kauffman et al., 
2014; 
5
Sitoe et al., 2014; 
6
Thompson et al., 2014; 
7
Adame et al., 2013; 
8
Kauffman et al., 
2011 and 
9
Jones et al., 2014. 
Note: *setting refers to geomorphic setting, E: estuarine, O: oceanic, AGC: aboveground 
organic carbon stock, BGC: belowground organic carbon stock, SOC: sediment organic 
carbon stock, b: bulk density, Corg: sediment organic carbon content. 
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  Donato et al. (2011) also reported differences in ecosystem carbon stocks in 
mangrove forests based on geomorphic settings, estuarine/river-delta and 
oceanic/fringe. This trend was also observed in the recent mangrove carbon studies 
compiled in Table 2.1. Aboveground and belowground carbon stocks were higher in 
the oceanic mangrove forests (204 Mg C ha
-1
) as compared to the estuarine 
mangrove forests (131 Mg C ha
-1
), likely due to higher stature of trees in the oceanic 
stand and dominance of Bruguiera spp. and Sonneratia spp., which have high 
biomass (Donato et al., 2011). Sediment organic carbon content was also found to 
be higher in the oceanic mangrove forests (12%) than the estuarine mangrove forests 
(7%) (Donato et al., 2011), because of a distinct organic-rich layer found in oceanic 
stands, possibly due to allochthonous carbon input from marine sources. However, 
estuarine mangrove forests often have deeper sediment layers (more than 3 m in 
depth) than oceanic mangroves, hence; it resulted in higher sediment organic carbon 
stock (663 Mg C ha
-1




2.4.2 Global seagrass carbon studies 
Fourqurean et al. (2012a) provided a global review of seagrass ecosystem carbon 
stocks. Similar to Kauffman et al. (2011)’s study in the mangrove forests, 
Fourqurean et al. (2012a), showed dominance of sediment organic carbon stock in 
the seagrass meadows with an average of 99% (Table 2.2). Australia and the 
Mediterranean had the highest ecosystem carbon stocks, due to the dominance of 
dense canopy of Amphibolis antarctica and Posidonia oceanica respectively, which 
are known to form thick mattes that store large amount of organic carbon 
(Fourqurean et al., 2012a; Fourqurean et al., 2012b). Low ecosystem carbon stocks 
reported in the Indo-Pacific region were a result of low biomass seagrasses with








shallower sediment columns typical of tropical meadows, in addition to the limited 
number of studies over a wide geographical area (Fourqurean et al., 2012a; Kirkman, 
2014). Sediment organic carbon content in the seagrass meadows was also lower 
than the mangrove forest, with a global mean of 2.5%. It is likely due to lower 
biomass of the herbaceous seagrasses, containing lesser amount of organic carbon; 
hence, when deposited in the sediment resulted in lower sediment organic carbon 
content (Fourqurean et al., 2012a). 
 
  
   
      
  
Carbon stock (Mg C ha
-1














1 NE Pacific1 1.0 64 65 - - 100 





0.8 151 152 - - 100 
4 Mediterranean1 7.3 372 380 - - 100 
5 South Atlantic1 1.1 137 138 - - 100 
6 Indo Pacific1 0.6 24 24 - - 100 
7 South Australia1 2.3 268 271 - - 100 
8 Global Average* 2.5 194 197 - 2.5 100 
9 Abu Dhabi, UAE2 0.4 49 50 1.4 0.6 100 





4.7 241 246 0.8 3.0 100 




Fourqurean et al., 2012a 
2
Campbell et al., 2014; 
3
Fourqurean et al., 2011; 
4
Kauffman et al., 201 
                                                                                                                                                                                                                
Note: *Global average value is based on the study by Fourqurean et al., 2012a, AGC: 
aboveground organic carbon stock, BGC: belowground organic carbon stock, SOC: 
sediment organic carbon stock, b: bulk density, Corg: sediment organic carbon content. 




Sediment organic carbon stock dominated the ecosystem carbon stock in both 
mangrove forests and seagrass meadows, however, sediment organic carbon content 
and sediment bulk density were not homogeneous throughout the core (Donato et al., 
2011; Fourqurean et al., 2012a; Fourqurean et al., 2012b; Tue et al., 2014). There 
was a general decrease in sediment organic carbon content and increase in sediment 
bulk density with depth in the two vegetated habitats studied (sediment organic 
carbon content and bulk density are components in calculating the sediment organic 
carbon stock, see chapter 3.3.4) (Donato et al., 2011; Fourqurean et al., 2012a). 
Higher sediment organic carbon content at the top of the core was due to 
autochthonous and allochthonous sediment input on surficial soil (Bird et al., 2004). 
The observed increase in sediment bulk density was caused by compaction of older 
sediment upon deposition of new sediment weighing on them (Allen, 2000; Bird et 
al., 2004; Fourqurean et al., 2012b).  
 
2.5 Ecosystem carbon studies in Singapore 
Currently, only one ecosystem carbon stock assessments in the terrestrial forest has 
been published in Singapore. Ngo et al. (2013) estimated the ecosystem carbon 
stocks of a 164 ha terrestrial forest at Bukit Timah Nature Reserve, which comprises 
of a 70 ha primary forest, with the remaining reserve made up of secondary forest 
(Ngo et al., 2013). Sediment organic carbon stocks were analysed to a depth of 3 m 
in both the primary and secondary forest (Ngo et al., 2013). Aboveground carbon 
stocks (50%) dominated the ecosystem carbon stock in the primary forest, whereas 
soil organic carbon (52%) dominated the ecosystem carbon stock in the secondary 
forest. Sediment organic carbon stock was relatively high in surficial soil of up to 10 
cm (22.1 Mg C ha
-1
) but decreased rapidly with depth (4.9 Mg C ha
-1
 in the 250 cm 




to 300 cm sediment depth) (Ngo et al., 2013). While living biomass (AGC and BGC) 
tends to dominate the ecosystem carbon stock in terrestrial forests, the dominance of 
sediment organic carbon in the secondary forest was a result of its fine root biomass 
(Ngo et al., 2013).  
 
2.6 Limitations of current ecosystem carbon stock assessments 
Recent ecosystem carbon stock studies either focused on terrestrial forests or 
provided a single intertidal habitat (mangrove or seagrass) perspective. Intertidal 
habitats often store a higher proportion of organic carbon (in the sediment) than 
terrestrial forests (Howard et al., 2014; Donato et al., 2011; Fourqurean et al., 2012) 
and are connected to other intertidal habitats (Krumme, 2009). Hence, examining 
ecosystem carbon stocks in a single habitat may greatly underestimate the carbon 
storage potential of these intertidal habitats. Only one recent study by Kauffman et 
al., (2011) investigated ecosystem carbon stocks in both mangrove forests and 
seagrass meadows, but their study was to show a reduction in carbon stocks when 
mangroves were replaced by seagrasses. A large proportion of the organic carbon 
stored in intertidal habitats is in the sediment; therefore, unvegetated habitats such as 
mudflats and sandbars have the potential to store large amount of organic carbon. 
Studies examining the ecosystem carbon stock of both vegetated and unvegetated 







3.1 Intertidal habitats in Singapore 
3.1.1 Mangrove forests 
Until 1819, Singapore’s coastline was dominated by mangrove forests, covering an 
extensive area of 75 km
2
 (Figure 3.1) (Corlett, 1991; Yang et al., 2011). Since then, 
the island-nation has altered the coastline extensively (Lai et al., 2015). A small 
geographical area coupled with rapid growth in Singapore, necessitates coastal 
reclamation for development of industries and to accommodate the expanding port 
facilities (Chou, 2006). As a result, mangroves have been reduced to isolated patches. 
Currently, we have less than 10% (7.35 km
2
) of our original mangrove forest, with 
most of our remaining mangroves located on the northwestern coast and offshore 
islands of Singapore (Figure 3.2) (Yang et al., 2011). Despite the small areal extent, 
Singapore has 35 true mangrove species, which is half of the known mangroves 
species in the world (Spalding et al., 2010). 
 With increasing conservation and restoration efforts by the Singapore 
government, mangrove forests have increased in areal extent, most notably in the 
northwest coast and offshore island of Pulau Ubin (Lai et al., 2015). However, our 
mangrove extent is expected to decrease based on the Urban Redevelopment 
Authority (URA) Master Plan 2014 (URA, 2014a). Mangroves in the northern coast 
of mainland Singapore, eastern coast of Pulau Ubin where Chek Jawa is located, 
northwest and south coast of Pulau Tekong have been marked as ‘reserve site’ 
(“specific use of the land parcel has yet to be determined”) which may
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be used for future development (URA, 2014b). Lai et al. (2015) estimated that by 
2030, there may only be 5.64 % (4.23 km
2












Figure 3.1 Historical distribution of mangrove forest and freshwater swamp forest in 

















Figure 3.2 Current distribution of mangrove forest in Singapore. (Source: Yang et al., 2011). 
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 3.1.2 Seagrass meadows 
There has not been any historical mapping of seagrass meadows in Singapore prior 
to 1819. The only historical mapping of seagrass meadows in Singapore was in the 
1950s, done through herbarium records, topographical mappings and interviews, as 
evidences of the spatial distribution of seagrasses (Figure 3.3) (Yaakub et al., 2014). 
It was estimated that the areal extent of seagrass meadows pre-1970s was 3.5 km
2
 
(Yaakub et al., 2014). The current extent of seagrass is estimated to be an area of 
0.34 km
2
 (Figure 3.4) (Yaakub et al., 2013). In spite of its small extent, twelve 
seagrass species, which is half the known seagrass species in the Indo-Pacific, are 
found in Singapore (Yaakub et al., 2013). According to the URA Master Plan 2014, 
current seagrass sites such as Chek Jawa and Pulau Tekong are classified as “reserve 
sites” which may be used for future developments (URA, 2014). Hence, similar to 












Figure 3.3 Historical distribution of seagrass meadows in Singapore. 
(Source: Yaakub et al., 2014) 














Figure 3.4 Current distribution of seagrass meadows in Singapore. 
(Source: Yaakub et al., 2014) 
 
 
3.1.3 Mudflats and sandbars 
There was a four-fold reduction in mudflats and sandbars in Singapore (33 km
2
 to 8 
km
2
) from 1922 to 1992 (Lai et al., 2015). Further losses since 2011, were due to 
reclamation on the island of Pulau Tekong, which reduced the extent of mudflats 
and sandbars to an estimated area of 5 km
2
. Similar to the mangrove forests and 
seagrass meadows, mudflats and sandbars may likely decrease to less than 3 km
2
 in 
the next few decades if the ‘reserve sites’ in Pulau Tekong and Pulau Ubin are used 
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3.2 Study Site 
3.2.1 Physical characteristics 
Chek Jawa (N1.4113, E103.990739) is a tropical intertidal habitat mosaic located on 
the eastern shore of Pulau Ubin, the second largest offshore island in northeast 
Singapore (Figure 3.5). Chek Jawa was chosen as it is one of the last remaining 
natural, biologically diverse intertidal ecosystem in Singapore with several habitats 
co-existing in one location, including mangrove forest, seagrass meadow, mudflat 
and sandbars (Plate 3.1). The intertidal habitats are adjacent to each other with the 
sandbars located on the seaward edge, creating a lagoonal environment (Figure 3.6).  
 
 




The intertidal habitats experience a diurnal tide regime with mean high water 
Springs of 3.3 m and mean low water Springs of -0.1 m (measured from Singapore 
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chart datum). The seagrass meadow is exposed during low tide (-0.1 to 0.8m) and 
fully submerged during high tide, whereas only some of the fringing mangroves are 
partially inundated during high tide (above 1.2m). Chek Jawa is influenced by waves 
and currents predominantly from the northeast and southwest, consequence of the 
prevailing wind directions during the monsoon seasons in Singapore (MSS, 2007). 
Chek Jawa is underlain by Kallang formation, made up of the transitional member 
(Kt) with estuarine mud and sand which are high in organic matter and the littoral 
member (KI), consisting of beach or near-shore sand (PWD, 1976).  
 
 
Plate 3.1 Tropical intertidal habitat mosaic at Chek Jawa, Singapore, with four habitats co-
existing in one location. a) Mangrove forest dominated by Avicennia officinalis and 
Rhizophora apiculata. b) Seagrass meadow dominated by Halophila ovalis. c) Unvegetated 
mudflat and d) Sandbars covered with sparse macroalgae. 




Figure 3.6 The four dominant habitats found at Chek Jawa. The mangrove forest is at the 
landward edge and the seagrass meadow is at the seaward edge. The mudflat is in between 
the mangrove forest and seagrass meadow. The sandbars are located in the northeast of Chek 
Jawa and within the seagrass meadow creating a lagoonal environment. 
  
Pulau Ubin lies in the Johor Strait and Chek Jawa is located approximately 5 
km from the Johor Estuary. The Johor River, with a catchment size of 2,636 km
2
, is 
the main river that flows into the Johor Estuary in Peninsular Malaysia (Najah et al., 
2014). The Johor Estuary is dominated by a southwest sediment flow, with an 
estimated annual sediment load of 0.45 million ton yr
-1
 (van Maren et al., 2014). 
Remote sensing imagery and in situ turbidity measurements showed high 
concentrations of sediment (>50 mg l
-1
) from the estuary extending to the intertidal 
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areas of Pulau Ubin (van Maren et al., 2014), suggesting that the Johor River may 
potentially be a major allochthonous carbon contributor to Chek Jawa.  
 
3.2.2 Biological and ecological characteristics 
The intertidal habitat mosiac at Chek Jawa is a rich store of biodiversity. In addition 
to mangrove trees and seagrasses, Chek Jawa is home to many other fauna and flora. 
Arthropods, annelids, cnidarians, echinoderms, molluscs and porifera (Chua, 2002; 
Lee and Lim, 2009; Loh and Todd, 2011) can be found in the mangrove forest, 
seagrass meadow, mudflat and sandbars. Sand dollar (Arachnoides placenta), blue 
crab (Portunus pelagicus) and carpet anemone (Stichodactyla haddoni) were 
frequently encountered during fieldwork at Chek Jawa. The macroalgae, Ulva spp., 
is also widespread at Chek Jawa, within the seaward side of the mangrove (reached 
by high tide), seagrass meadow and mudflat. They are found throughout the year but 
are dominant from August to November. Other flora frequently found at Chek Jawa 
include nypa palm (Nypa fruticans), found in the mangrove forest, and green algae 
(Caulerpa spp.) within the seagrass meadow and mudflat. 
 
3.2.3 Socio-economic characteristics 
Chek Jawa intertidal habitat mosiac is located along major international shipping 
lines. In the past five decades, reclamation has taken place on the island of Pulau 
Ubin and its neighbouring islands. In 2001, Chek Jawa was scheduled for 
reclamation to increase the military training area (The Straits Times, 2001) but it 
generated much discontentment from the public and environmental conservation 
groups (Chua, 2002). Following the discovery of the rich biodiversity at Chek Jawa 
in 2000, public appeals were made to the government to conserve the area. In 2001, 
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through consultation with scientists and government agencies, then-Minister for 
National Development, Mr Mah Bow Tan, announced that it will be “kept in its 
natural state for as long as it is not needed for development” (Chua, 2002, pg. 11). 
Hence, Chek Jawa has been spared from reclamation since then. However, with the 
new URA Master Plan 2014, Chek Jawa is considered a ‘reserve site’ and may be 
used for future development (URA, 2014b), which will inevitably lead to losses in 




 METHODS  
 
4.1 Field sampling 
Ecosystem carbon stocks – aboveground, belowground, and sediment organic 
carbon, were quantified at Chek Jawa from May to August 2013 and February to 
March 2014. Stratified sampling was used to select the sample plots, with 10 plots in 
the mangrove forest and 20 in the seagrass meadow, comprising a spectrum of 
stand/stem densities and species composition. Three adjacent mudflat plots and two 
adjacent sandbar plots were randomly selected for sampling. The center of each plot 
was tagged and its location determined by GPS (horizontal error of ±3.7 m). Land 
area of each habitat was estimated by ground referencing and tracking the habitat 
extent using a GPS. A summary of fieldwork methods and laboratory analyses used 
in this research is presented in Figure 4.1. 
 
4.1.1 Mangrove living biomass sampling 
A total of 10 circular sampling plots (7 m radius) were established in the estuarine 
mangrove forest. Living biomass of all trees was estimated, using the method by 
Kauffman and Donato (2012). Mangrove trees with a stem diameter of >5 cm and/or 
height of >1.3 m were measured at the diameter at breast height (DBH) of 1.3 m 
from the ground. For the Rhizophora spp. with multiple stilt roots that are often >1.3 
m high, DBH was measured at 30 cm above the highest root of the main stem (Plate 
4.1). Species of all mangrove trees in the sampling plots were identified and their 
status (live or decay) recorded. Saplings, down wood and litter were negligible in 
this estuarine mangrove and were not measured. 
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Plate 4.1 Measuring diameter breast height of Rhizophora spp. 30 cm from the highest root 
of the main stem. 
 
4.1.2 Seagrass living biomass sampling 
Seagrass species diversity, total coverage and percentage cover of each species in 20 
separate 1 m x 1 m plots (Plate 4.2) were recorded in the seagrass meadow seaward 
of the mangrove forest (Figure 3.6). In each plot, all aboveground (leaves and stems) 
and belowground vegetation (rhizomes and roots) were harvested within a 50 cm x 
50 cm subplot. Samples were rinsed off to remove sediment, brought back to the 
laboratory and kept frozen until further analysis. 
 
4.1.3 Sediment sampling 
Sediment samples were taken from the mangrove forest, seagrass meadow, mudflat 
and sandbars. Methods used in sediment sampling in the intertidal habitats were 
based on the protocol for sampling carbon stocks in mangrove forest (Kauffman and 
Donato, 2012) as no standard protocol was available for sampling in the seagrass
















Plate 4.2 Seagrass species diversity, total coverage and percentage cover of each species 
were measured in 1 m x 1 m plots. 
 
meadow, mudflat and sandbars at the time of fieldwork. Sediment sampling in the 
mangrove forest was adapted to the other intertidal habitats to ensure standardisation 
and allow for comparison between sites. Each sediment core was sampled to a depth 
of 1 m using a semi-cylindrical gouge auger (Plate 4.3) (diameter = 6.35 cm). Each 
core was taken at an undisturbed area within a 2 m radius from the plot center of the 
mangrove forest; within the 1 m x 1 m seagrass plot and at the plot center of the 
mudflat and sandbars. A semi-cylindrical gouge auger was used for sampling at 
Chek Jawa as the sharp edges cut through the sediment easily and minimizes 
compaction in the soft substrate. Each sediment core was divided into four sections, 
0-15 cm, 15-30 cm, 30-50 cm and 50-100 cm, and a 5 cm sample was taken from the 
center of each section ideally at 5-10 cm, 20-25 cm, 40-45 cm and 70-75 cm, or a 
representative 5 cm section if the center was disturbed (Plate 4.4) (Kauffman and Donato, 
2010).  












Plate 4.3 Sediment were sampled in an undisturbed area within each habitat to a depth of 1 














Plate 4.4 Each sediment core was divided into four sections, 0-15 cm, 15-30 cm, 30-50 cm 
and 50-100 cm, and a 5 cm sample was taken from the center of each section at 5-10 cm, 
20-25 cm, 40-45 cm and 70-75 cm, or a representative 5 cm section if the center was 
disturbed. 
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4.2 Data/Laboratory analyses 
4.2.1 Mangrove living biomass carbon estimation 
Both aboveground and belowground mangrove tree biomass were determined using 
published species-specific allometric equations for all major mangrove trees. 
Diameter at breast height and species-specific wood density established for the 
region (Table 4.1) were used as the independent variables (Komiyama et al., 2005; 
Putz and Chan, 1986; Simpson, 1996). If no allometric equation was developed for 
the species, either a genus-level or a general equation was used (Table 4.1). Decay 
tree biomass was calculated based on status: Decay 1 – absence of leaves (2.5% tree 
biomass subtracted); Decay 2 – absence of leaves and some branches (7.5% of tree 
biomass subtracted) and Decay 3 – only main trunk and a few branches left (30% of 
tree biomass subtracted) (Howard et al., 2014; Murdiyarso et al., 2009). Carbon 
pools were calculated from the biomass values derived from the allometric equations 
using a biomass-to-carbon conversion value of 0.464 (Kauffman et al., 2011). 
 
4.2.2 Seagrass living biomass carbon estimation 
Living seagrass samples were rinsed with fresh water to remove sediment, 
carbonates, marine algae, detritus and other organisms. Epiphytes were removed 
manually from the leaves using a blade. Samples were sorted into aboveground 
(leaves and stems) and belowground (rhizomes and roots) living biomass (Plate 4.5). 
Living seagrass samples were oven dried at 60˚C for 72 hours and a subsample was 
ground and homogenised for organic carbon estimation (Plate 4.6). A subsample (10 
mg) was placed in a silver-foil boat (6x6x12 mm) and distilled water (15 µL) was 
added to approximately field capacity (Harris et al., 2001). 
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Table 4.1 Allometric equations for calculating biomass of mangrove trees. 
  
 
        






















0.251ρDBH2.46 0.199ρ0.899DBH2.22 1 0.506b 
3 Bruguiera 
cylindrica 





2.34 0.159DBH1.95 2,3 - 
5 Excoecaria 
agallocha 









2.516 0.199ρ0.899DBH2.22 1,4 0.867a 
8 Sonneratia 
caseolaris 





2.59 0.145DBH2.55 2,5 - 
 
References are: (1) Komiyama et al., 2005; (2) Clough and Scott, 1989; (3) Comley and 




Komiyama et al., 2005; 
c




allometric equation for Ceriops australis was used,
  2
allometric equation for 
aboveground biomass of Rhizophora apiculata was used, 
3
allometric equation for 
Xylocarpus granatum was used. DBH refers to diameter at breast height measured at 1.3 m 
from the ground. For Rhizophora spp. with multiple stilt roots > 1.3 m, they were measured 
at 30 cm above the highest root of the main stem. 
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The samples were placed in a vacuum desiccator and acid-fumigated in 100 ml of 
12M hydrochloric acid (HCl) for six hours to remove carbonate materials (Harris et 
al., 2001). Silver boats were used as they are more resistant to concentrated HCl, 
while tin boats will disintegrate when in contact with the acid fumes (Harris et al., 
2001). Following acid fumigation, samples were oven dried at 60˚C for at least four 
hours, weighed and silver boats were closed. The organic carbon content of the 




Plate 4.5 Seagrass samples were rinsed with freshwater to remove sediment. Epiphytes 
were manually removed using a blade. The samples were then sorted into aboveground 






















Plate 4.6 A subsample of oven-dried seagrass sample was ground for organic carbon 
estimation. a & c) aboveground leaves and stems b) belowground roots and rhizomes c) 
aboveground living biomass ground and homogenised d) belowground living biomass 
ground and homogenized. 
 
4.2.3 Sediment properties 
Sediment samples were analysed for bulk density (b), particle size distribution 
(PSD), and organic matter (OM). All sediment samples were oven dried at 60˚C for 
72 hours as drying at higher temperatures may reduce organic carbon content in the 
sediment (Kauffman and Donato, 2012). The dried samples were weighed and bulk 
density was determined as the weight of dry sediment per unit volume: 
                   
    
                








Chapter 4   Methods 
38 
 
Bulk density is commonly determined on sediment that have been oven dried at a 
temperature of 105˚C (Blake and Hartge, 1986; Sarker and Halder, 2005). However, 
it was found that bulk density of sediment dried at 60˚C and 105˚C were comparable, 
with a difference of less than 1% (Kauffman and Donato, 2012) based on 
preliminary laboratory analysis of Chek Jawa sediment, hence, the same sediment 
cores were used for both bulk density and organic carbon content estimation.  
Sediment particle size distribution was determined using the hydrometer 
method which is based on dispersion and sedimentation principles (Plate 4.7). First, 
50 g of sediment (less than 2 mm) were treated with 50 ml of 6% hydrogen peroxide 
for organic matter removal; 50 ml of distilled water and 1M HCl was added to 
remove carbonates and deflocculated with 100 ml of sodium hexametaphosphate 
dispersant (Sarker and Halder, 2005; Sheldrick and Wang, 1993). The suspension 
was mixed in an electric blender; transferred to a graduated cylinder with distilled 
water added to the one litre mark; shaken upside down for one minute and set to 
settle with the time recorded immediately (Sarker and Halder, 2005). A standard 
hydrometer with Bouyoucos scale in g/L was used to measure the density of the soil 
suspension. Sediment particle sizes were determined using the International Soil 
Science Society (ISSS) classification where sand particles range from 2.00 mm to 
0.02mm, silt particles range from 0.02 mm to 0.002 mm and clay particles are less 
than 0.002 mm. The first reading was taken at four minutes after the sand particles 
have settled and a second reading at two hours, after settling of both sand and silt 
particles. Only the clay particles are left in the suspension at the time of the second 
measurement. The settling rates of the suspension, based on Stoke’s law, allow the 
determination of sediment particle sizes (Sarker and Halder, 2005). 
 













Plate 4.7 Particle size distribution was determined using the hydrometer method. 
A standard hydrometer with Bouyoucos scale in g/L is placed in the first 




Organic matter was measured using the loss-on-ignition (LOI) method, 
which involves the removal of organic matter and is calculated as the weight loss 
upon combustion. Organic matter was determined on a subsample of dry sediment 
that was further dried at 105˚C for 24 hours then ignited at 500˚C for five hours 
(Fourqurean et al., 2012b). Organic matter was calculated as the percentage 
difference in the weight of the sediment sample before and after combustion: 
                  
                                           
                     
       (2) 
 
4.2.4 Sediment organic carbon estimation 
Sediment organic carbon content (Corg) was estimated using the dry combustion 
method. A subsample of the oven dried sediment was ground, homogenized and 30 
mg of the subsample was placed in a silver boat. Distilled water (50 µL) was added 
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to each boat; the samples were placed in a vacuum desiccator and acid-fumed in 100 
ml of 12M HCl for six hours (Plate 4.8) (Harris et al., 2001). After acid fumigation, 
samples were dried at 60˚C for at least four hours to remove any excess acid; 
weighed and the silver boats were closed for analysis. Organic carbon content was 
determined by the Elementar vario TOC cube through catalytic oxidation at 950˚C. 
Sediment carbon stock was calculated using the following equation: 
                                        
                                                             (3) 
Organic carbon stock was calculated for each sediment core using equation (3) and 
mean per hectare sediment organic carbon stock in each of the habitats in the 













Plate 4.8 Sediment samples were placed in silver boats, acid-fumed and analysed for 
organic carbon content using a carbon analyser.  
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4.3 Statistical analysis 
Relationship between Corg, OM, b and PSD of sediment at each habitat were 
analysed using the nonparametric Spearman rank correlation coefficient (rs). Linear 
regression was used to assess how well OM predicted Corg in each habitat. Linear 
mixed effects regression (LMER) with core/site as a random effect was used to 
evaluate Corg, b and PSD (sand, silt and clay) with depth at the mangrove and 
seagrass sites. Linear mixed effects logistic model was chosen as it was able to 
account for within core/site dependence. For comparison of ecosystem carbon stocks 
between the mangrove forest and seagrass meadow, nonparametric Mann-Whitney 
U test (M-W U) was used. Mudflat and sandbar results were not compared 
statistically as the sample size were insufficient. All results were presented as mean 
± standard error. Standard error was presented to show the accuracy of the estimated 















5.1 Vegetation composition 
Chek Jawa mangrove forest is made up of mixed species (Table 5.1). A total of 144 
trees belonging to nine mangrove species were identified in the 10 plots: Avicennia 
alba, Avicennia officinalis, Bruguiera cylindrica, Ceriops tagal, Excoecaria 
agallocha, Rhizophora apiculata, Rhizophora mucronata, Sonneratia caseolaris and 
Xylocarpus moluccensis (Table 5.1). Avicennia officinalis and Rhizophora apiculata 
were the two most dominant species observed, comprising 37% and 32% of the total 
species composition respectively. The diameter at breast height of the mangrove 
trees ranged from 5.0 cm to 47.0 cm, with a mean DBH of 16.4  1.3 cm. Mean tree 
density at Chek Jawa mangrove forest was 935  87 trees ha-1.  
The adjacent seagrass bed consisted of a multispecific meadow (Table 5.2). 
A total of five species were observed: Cymodocea rotundata, Halodule uninervis, 
Halophila beccarii, Halophila ovalis, and Halophila spinulosa. Halophila ovalis, 
which was present in all sample plots, was also high in abundance, exceeding 50% 
cover in all plots except two. Overall, seagrass coverage ranged from 15% to 90% 
















Table 5.1 Species composition and structure of Chek Jawa mangrove forest. 
 
              
    
 













1 16 1039 Ra, Rm, Sc 14.7 87.0 39.4 
2 13 844 Ra, Rm 25.4 280.8 120.7 
3 13 844 Ra, Rm, Ao 21.7 221.8 77.8 
4 10 650 Ra, Rm 16.8 154.9 36.9 
5 13 844 Ra, Rm, Ao, Bc, Ct 14.5 99.5 42.9 
6 14 909 Ra, Ao, Bc 15.6 94.3 38.6 
7 13 844 Ao, Bc 17.9 162.9 51.7 
8 9 585 Ao, Aa, Bc 16.7 67.3 21.7 
9 21 1364 Ao, Bc, Ea, Xm 12.0 90.5 42.0 
10 22 1429 Ra, Rm, Ao, Bc, Ea 13.7 119.3 43.3 
 
Total/ 
Mean 144 935 - 16.4 138 52 
 
Note: Aa: Avicennia alba, Ao: Avicennia officinalis, Bc: Bruguiera cylindrica, Ct: Ceriops 
tagal, Ea: Excoecaria agallocha, Ra: Rhizophora apiculata, Rm: Rhizophora mucronata, 
Sc: Sonneratia caseolaris, Xm: Xylocarpus moluccensis. DBH: diameter at breast height, 
AGC: aboveground organic carbon stock, BGC: belowground organic carbon stock. 
 
 
5.2 Aboveground and belowground organic carbon stock 
In the mangrove forest, ABC and BGC ranged from 67.3 Mg C ha
-1
 to 280.8 Mg C 
ha
-1
 and 21.7 Mg C ha
-1
 to 120.7 Mg C ha
-1
 respectively. Mean aboveground and 
belowground carbon stock at the mangrove forest were 138  21.6 Mg C ha-1 and 52 
 8.9 Mg C ha-1 respectively (n = 10). The resulting organic carbon in the living 
trees component (above- and belowground) was 189  30 Mg C ha-1. Mean 
aboveground to belowground carbon (A/R) ratio was 2.7.  
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Table 5.2 Species abundance and composition of Chek Jawa seagrass meadow. 
          
   






Species Aboveground Belowground 
1 80 Ho, Cr 0.373 0.199 
2 70 Ho, Cr 0.484 0.427 
3 75 Ho, Cr 0.179 0.200 
4 60 Ho, Cr 0.044 0.017 
5 75 Ho, Cr 0.062 0.022 
6 85 Ho, Cr 0.027 0.013 
7 70 Ho, Hu 0.015 0.009 
8 80 Ho, Hu 0.007 0.004 
9 70 Ho 0.005 0.003 
10 80 Ho 0.008 0.004 
11 90 Ho 0.023 0.010 
12 55 Ho, Cr 0.335 0.267 
13 50 Ho 0.022 0.013 
14 40 Ho, Hu, Hs 0.025 0.029 
15 65 Ho, Hu 0.088 0.072 
16 30 Ho 0.010 0.004 
17 65 Ho, Hb 0.045 0.022 
18 15 Ho 0.004 0.002 
19 65 Ho 0.007 0.003 
20 45 Ho, Hu 0.006 0.003 
Total/Mean 63 - 0.09 0.07 
Note: Cr: Cymodocea rotundata, Hu: Halodule uninervis, Hb: Halophila beccarii, Ho: 
Halophila ovalis, Hs: Halophila spinulosa  
 
Organic carbon stock of living seagrass ranged from 0.004 Mg C ha
-1
 to 
0.484 Mg C ha
-1
 and 0.002 Mg C ha
-1
 to 0.427 Mg C ha
-1
 in the aboveground and 
belowground components, respectively. Living seagrass biomass contained 31.4% 
and 23.5% Corg in the aboveground and belowground biomass respectively. Mean 
AGC and BGC in the living seagrass were 0.09  0.03 Mg C ha-1 and 0.07  0.03 
Mg C ha
-1
 respectively (n = 20) (Table 5.2). The resulting organic carbon stock in 
the living seagrass biomass was 0.15  0.06 Mg C ha-1. Belowground carbon in roots 
and rhizomes was strongly correlated to aboveground carbon (rs = 0.99, P < 0.0001). 
Mean aboveground to belowground carbon (A/R) ratio was 1.3.  
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5.3 Sediment properties 
5.3.1 Mangrove forest 





 with a mean of 0.73  0.04 g cm-3. The sediment primarily consisted of 
clay particles, with an average of 48.0 ± 2.4% and a range of 16.2% to 72.2% clay. 
Organic matter in the mangrove sediment ranged from 1.7% to 28% with an average 
of 14.0  1.0%, and Corg ranged from 0.4% to 9.5% with a mean of 4.5  0.4%. The 
average ratio of Corg to OM was 0.33 in the mangrove forest. The corresponding 
SOC at the mangrove forest was 307  33 Mg C ha-1, calculated using equation 3. 
In the mangrove forest, a significant positive correlation existed between Corg 
and OM, rs = 0.62 (P < 0.0001). Organic matter had a significant but weak positive 
correlation with clay, rs = -0.33 (P < 0.05). Bulk density had a significant negative 
correlation with Corg, OM and clay: rs = -0.42 (P < 0.01), rs = -0.75 (P < 0.0001) and 
rs = -0.33 (P < 0.05) respectively. No significant relationships were observed 
between Corg and the three sediment particle sizes (Table 5.3). While a significant 
positive correlation existed between Corg and OM, OM was only a moderately good 
predictor of Corg (Figure 5.1):  
                                      
                
Due to the strong negative correlation between Corg and b, Corg was the lowest and 
b was the highest at the top of the sediment core (Figures 5.2 and 5.3). While a 
strong inverse relationship was observed, the increase in Corg (LMER, P = 0.125) 
and decrease in b (LMER, P = 0.104) with depth was not significant. However, 
significant differences in the sediment particle sizes with depth were observed. Sand 
decreased significantly (LMER, P <0.001) while silt and clay increased significantly 
(LMER, P <0.001) with depth (Figure 5.4). 
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Table 5.3 Nonparametric Spearman rank correlation coefficient (rs) between the sediment 
properties within each of the four major habitats at Chek Jawa. 
                          
 
Mangrove Seagrass Mudflat Sandbar 
  Corg OM b Corg OM b Corg OM b Corg OM b 
Corg 1     1 
  
1     1 
  
OM 0.62* 1   0.73* 1 
 
0.76* 1   0.95* 1 
 
b 0.42* 0.85* 1 0.59* 0.75* 1 0.77* -0.51 1 -0.50 -0.48 1 
Sand -0.26 -0.30 0.45 0.77* 0.67* 0.61* 0.83* 0.81* 0.76* -0.71 0.81* 0.19 
Silt 0.17 0.11 -0.24 0.68* 0.59* 0.54* 0.73* 0.61* 0.64* 0.73* 0.76* 0.59 
Clay 0.31 0.37* 0.51* 0.75* 0.64* 0.60* 0.82* 0.74* 0.81* 0.71 0.81* 0.19 
* indicates significant correlation at P < 0.05 
Note: Corg: sediment organic carbon content, OM: organic matter and b: bulk density. 
 
 
5.3.2 Seagrass meadow 
Bulk density of sediment samples at the seagrass meadow ranged from 0.71 g cm
-3 
to 1.54 g cm
-3
 with a mean of 1.21  0.03 g cm-3. The sediment were mainly 
composed of sand particles, with a mean of 71.7 ± 1.4% and a range of 23.9% to 
84.0% sand. Organic matter in the seagrass sediment ranged from 0.4% to 9.2% with 
an average of 3.0  0.2%. Sediment organic carbon content ranged from 0.4% to 3.4% 
with a mean of 1.1  0.1%. Ratio of Corg to OM in the seagrass meadow was 0.48. 
Mean Corg and OM were lower but b was higher in the seagrass meadow as 
compared to the mangrove forest. The corresponding SOC at the seagrass meadow 
was 138  8.6 Mg C ha-1, calculated using equation 3. 




Figure 5.1 Regression model between sediment organic carbon content (Corg) and sediment 
organic matter (OM) at Chek Jawa. a) mangrove forest, b) seagrass meadow, c) mudflat 
and d) sandbars. 
 
 
A significant correlation was observed between the sediment properties 
measured in the seagrass meadow. Sediment organic carbon content had a 
significant positive correlation with OM, silt and clay, rs = 0.73 (P < 0.0001), rs = 
0.68 (P < 0.0001) and rs = 0.75 (P < 0.0001) respectively. Conversely, Corg had a 
significant negative correlation with b and sand, rs = -0.59 (P < 0.0001) and rs = -
0.77 (P < 0.0001) respectively. Organic matter had a significant negative correlation 
with b and sand, rs = -0.75 (P < 0.0001) and rs = -0.70 (P < 0.0001) respectively. A 
significant positive correlation existed between OM and the two particle sizes, silt 
and clay, rs = 0.59 (P < 0.0001) and rs = 0.64 (P < 0.0001) respectively. 
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Bulk density was positively correlated to sand, rs = 0.61 with a statistical 
significance of P < 0.0001, but negatively correlated to silt and clay with rs = -0.54 
(P < 0.0001) and rs = -0.60 (P < 0.0001) respectively. Similar to the mangrove 
sediment, OM in the seagrass sediment was only a moderately good predictor of Corg 
(Figure 5.1): 
                                       
                
Linear regression produced a slope of 0.197  0.02 and a statistically significant (P < 
0.001) non-zero intercept of 0.527  0.0859. This indicates that OM may 
overestimate Corg, suggesting that there may be mass loss during the LOI process 
even with no Corg present in the seagrass sediment. This could be due to the loss of 
structural water and/or soluble salts when sediment were ignited at 500˚C (EPA, 
1990). 
 
Sediment organic carbon content was lowest at the top of the seagrass 
sediment core and there was a significant increase with depth at a rate of 0.35 ± 0.04 
(LMER, P < 0.0001) (Figure 5.3). Sediment bulk density decreased significantly 
down core at a rate of 0.11 ± 0.02 (LMER, P < 0.001). Significant differences in the 
sediment particle sizes with depth were observed. Similar to the mangrove sediment 
core, sand decreased significantly (LMER, P < 0.001) while silt and clay (LMER, P 











Figure 5.4 Sediment particle sizes with depth of the four major habitats at Chek 










Sediment samples at the mudflat have b that ranged from 0.71 g cm
-3 
to 1.28 g cm
-3
 
with a mean of 0.98  0.05 g cm-3. The sediment were made up of a mix of sand and 
clay particles, with an average of 46.3 ± 8.3 % (range of 5.7% to 74.0%) and 43.3 ± 
7.2% (18.0% to 78.3%) respectively (Figure 5.4). Organic matter in the sediment 
ranged from 2.1% to 11.1% with an average of 6.2  0.8%. Sediment organic carbon 
content was higher in the mudflat as compared to the seagrass meadow with a range 
of 0.4% to 2.8% and a mean of 1.4  0.2%. The ratio of Corg to OM was 0.22. The 
corresponding SOC at the mudflat was 143  15.5 Mg C ha-1, calculated using 
equation 3. 
A significant positive correlation existed between Corg and OM as well as 
Corg and the sediment particle sizes, silt and clay, rs = 0.76 (P < 0.01), rs = 0.73 (P < 
0.01) and rs = 0.82 (P < 0.01) respectively. In contrast, Corg had a significant negative 
correlation with b and sand, rs = -0.77 (P < 0.01) and rs = -0.83 (P < 0.01) 
respectively. Organic matter had a significant negative correlation with sand, rs = -
0.81 (P < 0.01) but a significant positive correlation with silt and clay was observed, 
rs = 0.61 (P < 0.05) and rs = 0.74 (P < 0.01) respectively. Bulk density had a 
significant positive correlation with sand, rs = 0.76 (P < 0.01) but a significant 
negative correlation with silt and clay, rs = -0.63 (P < 0.05) and rs = -0.81 (P < 0.01) 
respectively. Similar to the mangrove and seagrass habitats, OM was a moderately 
good predictor of Corg (Figure 5.1):  
                                            
  = 0.50, P < 0.05) 
Due to limited data, statistical analyses in Corg, b and sediment particle sizes with 
depth were not analysed. However, general trends were observed and there was an 
increase in sediment Corg with depth (Figure 5.3). Bulk density first increased to 1.09 





 then decreased to 0.8 g cm
-3
 with depth (Figure 5.2). Sand decreased while 




At the sandbars, b of the sediment samples ranged from 1.39 g cm
-3 
to 1.55 g cm
-3
 
with a mean of 1.47  0.02 g cm-3. Sediment were dominated by sand particles, with 
an average of 79.9 ± 2.7% and a range of 65.5% to 86.0% sand (Figure 5.4). Organic 
matter in the sediment ranged from 0.4% to 2.4% with an average of 1.0  0.3%. 
Sediment organic carbon content ranged from 0.3% to 1.4% with a mean of 0.6  
0.2%. Ratio of Corg to OM was 0.67. The corresponding SOC at the sandbars was 
124  3.1 Mg C ha-1, calculated using equation 3. 
Sediment organic carbon content had a significantly positive correlation with 
OM and silt, rs = 0.95 (P < 0.001) and rs = 0.73 (P < 0.05) respectively. A significant 
negative correlation existed between OM and sand, rs = -0.81 (P < 0.05). In contrast, 
OM had a significant positive correlation with silt and clay, rs = 0.76 (P < 0.05) and 
rs = 0.76 (P < 0.05) respectively. 
No significant relationships were observed between sediment b and the 
three sediment particle sizes (Table 5.3). In contrast to the other three intertidal 
habitats, OM was a good predictor of Corg and linear regression model yielded a 
significant relationship (Figure 5.1): 
                                    
                
Statistical analyses in Corg, b and sediment particle sizes with depth were not 
analysed due to limited datasets. However, general trends were observed and there 
was an increase in sediment Corg with depth but no observable trend for b with 
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depth. Sand decreased but clay increased with depth while silt was hardly present in 
the sediment. 
 
5.4 Ecosystem carbon stocks 
Ecosystem carbon stocks (aboveground, belowground and sediment organic carbon 
stock) at Chek Jawa mangrove forest was 497  44.9 Mg C ha-1. In comparison, the 
ECS at the seagrass meadow, mudflat and sandbars were three-fold lower, yet 
comparable with each other: 138  8.6 Mg C ha-1, 143  15.5 Mg C ha-1 and 124  
3.1 Mg C ha
-1
 respectively (Table 5.4; Figure 5.5). Ecosystem carbon stock in the 
mangrove forest was found to be significantly higher (M-W U, P < 0.05) than the 
seagrass meadow. Sediment organic carbon stock dominated the total carbon storage 
in both the mangrove and seagrass habitats constituting 62% and >99% respectively. 
Sediment organic carbon stock in the mangrove forest was significantly higher (M-
W U, P < 0.001) than in the seagrass meadow. Comparisons with the mudflat and 
sandbars were not made due to insufficient sample sizes. 
 When per-hectare ECS was multiplied by the area of each of the intertidal 
habitats, the estimated total ECS at Chek Jawa was 6356 Mg C for an area of 31 ha 
(Figure 5.6). Mangrove forest accounted for approximately 6.1 ha or 20% of the 
land area, but more than two-fold (3009 Mg C, 47%) the total ECS at Chek Jawa 
(Figure 5.6), of which, 61% or 1859 Mg C was contributed by sediment. Seagrass 
meadow accounted for the largest land area (46%, 14.1 ha) at Chek Jawa, but only 
31% (1949 Mg C) of the ECS. Seagrass sediment contributed 1946 Mg C or >99% 
to the seagrass organic carbon stocks. Land area and ecosystem carbon stocks 
occupied by mudflat were similar, at 9% (2.8 ha) and 6% (396 Mg C) respectively 
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(Figure 5.6). Sandbars occupied an area of approximately 26% (8.1 ha), but only 16% 
(1003 Mg C) of the ecosystem carbon stocks (Figure 5.6).  
 
Table 5.4 Ecosystem carbon stocks (mean ± SE) of the four major habitats at Chek Jawa 
          
  Mangrove Seagrass Mudflat Sandbar 
Aboveground (Mg C ha
-1
) 138 ± 21.6 0.09 ± 0.03 - - 
Belowground (Mg C ha
-1
) 52 ± 8.9 0.07 ± 0.03 - - 
Sediment (Mg C ha
-1
) 307 ± 33.2 138 ± 8.6 143 ± 15.5 124 ± 3.1 
Area (ha) 6.1 14.1 2.8 8.1 
Ecosystem Carbon Stock (Mg C ha
-1
) 497 ± 44.9 138 ± 8.6 143 ± 15.5 124 ± 3.1 
Total Ecosystem Carbon Stock (Mg C) 3009 1949 395 1003 
Note: Sediment organic carbon was measured to a depth of 1 m in all plots. In the unvegetated 







Figure 5.5 Ecosystem carbon stocks of the four major intertidal habitats at Chek Jawa. Bars 
represent standard errors for the entire ecosystem carbon stock. 
 












6.1 Ecosystem carbon stocks at Chek Jawa 
Chek Jawa mangrove forest, located at the fringe of Pulau Ubin, Singapore (Figure 
3.6), and covering only a small land area (Figure 5.6), accounted for almost half the 
ECS at Chek Jawa, highlighting their role in carbon storage. Seagrasses occupy the 
highest proportion of land area but accounted for a smaller proportion of total ECS 
due to lower SOC in the seagrass meadow compared to the mangrove forest (see 
chapter 6.1.1 and 6.1.2). Mudflat and sandbars were found to store a substantial 
amount of organic carbon given the lack of vegetation and low proportion of land 
area it occupies (see chapter 6.1.2). 
 
6.1.1 Aboveground and belowground carbon stocks 
High ecosystem carbon stock in the mangrove forest was partly the result of a high 
amount of organic carbon stored in the woody vegetated mangrove habitat. The 
natural mangrove stand at Chek Jawa stores a large amount of carbon in its living 
biomass due to the high density (935 ± 87 trees ha
-1
) of moderately large trees with 
mean DBH of 16.4 ± 1.3 cm. Based on allometric relationships, DBH is correlated 
to tree mass (Komiyama et al., 2008), hence, the presence of moderately large trees 
at Chek Jawa resulted in high aboveground and belowground carbon stock in the 
mangrove forest. Furthermore, relatively low A/R ratio of 2.7 at the Chek Jawa 
mangrove forest was attributed to the high root biomass and carbon density which 
are essential for supporting the mangrove trees in the soft substrate environment 
(Komiyama et al., 2000; Ong et al., 2004). The dominance of Rhizophora spp. with 





multiple prop roots that are rich carbon stores, further contributed to the high 
ecosystem carbon stock in the mangrove forest.  
Low aboveground and belowground carbon stocks in the living seagrass and 
low A/R ratio were the result of species composition and dominance by the pioneer 
seagrass species, Halophila ovalis, with small leaves that are only up to 2 cm, as 
well as low biomass of the belowground roots and rhizomes. Large differences 
observed in the living seagrass organic carbon stock were due to differences in 
species composition. For instance, sites with a higher proportion (> 40%) of 
Cymodocea rotundata, had organic carbon stocks that were two orders of magnitude 
higher than those dominated by Halophila ovalis. 
 
6.1.2 Sediment organic carbon stocks 
Ecosystem carbon stock in the mangrove forest was higher than the other intertidal 
habitats as a result of disproportionally high sediment organic carbon stock (Figure 
5.5). Mangrove forest stored more than two-fold per hectare SOC as compared to the 
seagrass, mudflat and sandbar habitats. High SOC in the mangrove forest was due to 
its high Corg of 4.5 ± 0.4%, three-fold higher than seagrass, mudflat and sandbars.  
High SOC at Chek Jawa was likely a result of contribution from both 
autochthonous and allochthonous sediment sources. First, mangrove-derived roots 
and detritus in the mangrove forest encourage the accumulation of autochthonous 
materials, which are significant organic carbon contributors to mangrove sediment 
(Alongi, 1998; Kristensen et al., 2008). Furthermore, the slow breakdown of root 
biomass, coupled with the anoxic condition of the soil, allows for the accumulation 
of high amount of organic carbon (Alongi et al., 2004; Chmura et al., 2003; 
Middleton and McKee, 2001).  





Second, the geomorphic setting of Chek Jawa is such that it is situated in 
close proximity to a major source of terrestrially-derived allochthonous sediment – 
the Johor River. While all the intertidal habitats of Chek Jawa are receiving from 
this sediment source, mangroves are particularly effective at trapping sediment. The 
mangrove stem morphologies and extensive root systems are able to efficiently trap 
both autochthonous and allochthonous sediment to aid in organic carbon 
accumulation (Furukawa et al., 1997; Krauss et al., 2003). In addition, the 
pneumatophores of Avicennia spp. are known to bind and retain sediment (Krauss et 
al., 2014) while the prop roots of Rhizophora spp. are one of the most effective 
sediment traps and binders (Krauss et al., 2003; Scoffin, 1970). Taller and more 
complex root systems of the Rhizophora spp. better facilitate sediment deposition 
than those with simpler root structures (Alongi, 2012; Krauss et al., 2003). This is 
because species with complex root structures are better at reducing water velocity 
(tides), and capturing higher amount of sediment (Krauss et al., 2003). The 
dominance of both Avicennia spp. and Rhizophora spp. at Chek Jawa mangrove 
forest further enhance its sediment trapping and accumulation processes. 
While sediment accumulation rates were not measured in this study, ongoing 
research in Sungei Buloh Wetland Reserve and Mandai mangroves in Singapore (by 
NUS researchers), showed higher sediment accumulation in Rhizophora spp. 
compared to the other mangrove species (Friess et al., 2012). The trapping and 
binding capacity of mangrove roots is a result of the complex aboveground root 
morphologies of dense mangrove trees in increasing friction and reducing water 
velocity (Furukawa and Wolanski, 1996; Scoffin, 1970), which in turn encourage 
the spatially explicit deposition of suspended sediment (Krauss et al., 2003). 
Furthermore, the Chek Jawa mangrove forest is located in a low energy lagoon 





environment that is sheltered by the seaward mudflat, seagrass meadow and 
sandbars (Figure 3.6), which may have aided in the sediment deposition process. 
Similar to mangrove forest, SOC dominated the ecosystem carbon stocks in 
the seagrass meadow. However, Corg in the seagrass meadow was lower than in the 
mangrove forest, likely due to lesser accumulation of materials high in organic 
carbon. Seagrass detritus, consisting of both aboveground dead leaves and stems 
along with belowground dead roots and rhizomes, are buried within the sediment, 
playing an important role in contributing to the autochthonous carbon in the 
sediment. Allochthonous sources such as the Johor River and adjacent mangrove 
forest, further increased the organic carbon store. Although the seagrass meadow at 
Chek Jawa consists of relatively small-leaved species with low canopy and highly 
flexible leaves, the relatively high seagrass coverage of 63  4.3% in the 
aboveground canopy promotes wave attenuation, thereby decreasing resuspension 
and enhancing sediment accumulation through trapping of both autochthonous and 
allochthonous sediment (Agawin and Duarte, 2002; Christianen et al., 2013; Gacia 
and Duarte, 2001). The accumulation of sediment is further supplemented by the 
extensive belowground rhizomes and roots of the meadow, with an average A/R 
ratio of 1.3, which aid in anchoring sediment thereby increasing the critical bed 
shear stress and reducing erosion at the seagrass meadow (Christianen et al., 2013). 
Sediment sources from the mudflat and sandbar at Chek Jawa are primarily 
of allochthonous origin and are postulated to be lower than vegetated habitats such 
as the mangrove forest and seagrass meadow, with contributions from both 
autochthonous (mangrove and seagrass leaves, roots and other debris) and 
allochthonous sources. However, higher SOC was observed in the mudflat compared 
to the seagrass meadow (Table 5.4). Sediment organic carbon stock was high in the 





mudflat as demonstrated by the high percentage of Corg (Figure 5.3) and low bulk 
density in its sediment (Figure 5.2). Higher sediment organic carbon stock in the 
unvegetated mudflat could be due to seasonal fluctuations in the production and 
extent of the adjacent seagrass meadow. The dominance of the ephemeral pioneering 
seagrass species, Halophila ovalis, can result in variable biomass and cover 
(Rasheed and Unsworth, 2011), in which the current extent of the mudflat were 
previously part of the extensive seagrass meadow or mangrove forest, resulting in 
autochthonous organic carbon input (Macreadie et al., 2014; Yaakub et al., 2014). In 
addition, the mudflat is between the mangrove forest and seagrass meadow (Figure 
3.6), and potentially obtains organic carbon inputs from the adjacent mangrove 
(Bouillon et al., 2007), seagrass detritus, and macroalgal sources during the frequent 
algal boom periods.  
Sediment organic carbon content at the sandbars was the lowest amongst the 
four intertidal habitats; about half that of the Corg present in the seagrass and mudflat 
habitats. Low Corg was a result of the sandbars having the highest sand content 
which had lesser OM than finer particles such as silt and clay. As a result of high 
sand content, sandbar sediment had the highest bulk density (Figure 5.2), thereby 
resulting in similar SOC as the seagrass and mudflat habitats (Figure 5.5).  
 
6.1.3 Sediment properties with depth 
Across all habitats, an inverse relationship was observed between bulk density and 
Corg, while a positive relationship was observed between bulk density and the 
amount of sand particles as well as Corg and clay particles (Table 5.3). Throughout 
the entire 1 m sediment core, bulk density was consistently lower and Corg was 





higher in the mangrove forest than the seagrass meadow, mudflat and sandbars 
(Figures 5.2 & 5.3).  
Mangrove sediment showed a decrease in bulk density and increase in Corg 
with depth but neither was significant. Seagrass meadow, mudflat and sandbars 
displayed a similar trend in their sediment bulk density, with a slightly lower bulk 
density at the top of the core (0-15 cm); an increase in bulk density in the sub-
surficial sediment (15-30 cm) and a decrease thereafter (30-100 cm). Sediment Corg 
in the seagrass meadow, mudflat and sandbars were comparable and showed a 
similar trend, a gradual increase in Corg with depth. Higher sediment Corg with depth 
observed in all four habitats was characterized by higher clay content. This shows 
that intertidal habitats that are dominated by clayey sediment exhibit the potential to 
retain organic carbon, hence, accounting for the low bulk density with depth. 
The proportion of sand was highest at the top of the cores in all habitats 
(Figure 5.4), indicating a changing depositional regime with recent increases in the 
deposition of sand particles. This may be due to increased land cover conversion in 
the Johor catchment (van Maren et al., 2014), resulting in higher sediment loads in 
the nearby Johor estuary. In addition, extensive coastal development and 
reclamation projects have occurred in Singapore in the past five decades. While land 
reclamation has yet to have a direct impact on Chek Jawa, reclamation in northern 
and southeastern shores of Pulau Ubin (Chou, 2006), on the island of Pulau Tekong 
(Omar, 2006) and the northeastern coastal areas of the main island of Singapore 
(Omar and Ong, 2007) may have caused a higher proportion of sand to be deposited 
on the intertidal habitats, as observed in the top sediment layers. 
Organic carbon and clay content were highest at the bottom of the sediment 
core (Figure 5.3) while bulk density was the lowest down the sediment core (Figure 





5.2). Typically, an increase in bulk density was expected in the sediment cores due 
to higher clay content with depth which will result in autocompaction, where older; 
deeper sediment are overlain by younger and more recent sediment, causing the 
older sediment to be compacted and increase in bulk density over time (Allen, 2000; 
Bird et al., 2004; Massey et al., 2006). However, such a trend was not observed at 
Chek Jawa. Instead, the deeper sediment had lower bulk density; higher clay and 
organic carbon content. Sediment were only sampled to a depth of 1 m; therefore, 
the resulting autocompaction may not be seen at such a shallow depth.   
Higher Corg down core as compared to surface sediment could also indicate a 
changing depositional regime. Intertidal habitats are dynamic and their boundaries 
are not fixed. Part of the mudflat or seagrass could have been mangroves previously, 
which accumulated higher amount of organic matter, leading to higher organic 
carbon content in the sediment. Also, there could be higher export of mangrove 
materials to the mudflat and seagrass meadow previously. There seemed to have 
been a change in the seagrass species in the current meadow, from higher living 
biomass to lower living biomass. Two species, Thalassia hemprichii and Enhalus 
acoroides, which are considered the climax species in the region, were previously 
found at Chek Jawa (Yaakub et al., 2013), however, they were not found in any of 
the 20 seagrass plots in this study nor were they encountered within the meadow 
during fieldwork. Those two seagrass species have a higher living biomass and 
potentially store higher amount of organic carbon, which will contribute to higher 
sediment organic carbon content when deposited in the sediment. 
 Nonetheless, high sediment Corg shows that intertidal habitats are indeed 
potential stores of organic carbon and sediment organic carbon content changes with 
depth, depending on depositional regime and site-specific geomorphic conditions.  





6.2 Comparison of carbon stocks with other intertidal habitats 
6.2.1 Aboveground and belowground organic carbon stocks 
Aboveground and belowground organic carbon stocks at the Chek Jawa mangrove 
forest (190  30 Mg C ha-1) were above the average organic carbon stock (163  35 
Mg C ha
-1
) reported for mangrove forests in the Indo-Pacific region (Adame et al., 
2013; Donato et al., 2011; Jones et al., 2014; Kauffman et al., 2011; Kauffman et al., 
2014; Ray et al., 2011; Sitoe et al., 2014; Thompson et al., 2014; Tue et al., 2014). 
When compared with the limited regional studies conducted in estuarine mangrove 
forests, Chek Jawa store almost 1.5 times higher organic carbon stocks than other 
estuarine mangrove forests, perhaps a result of denser mangrove stand. Low A/R 
ratio in the Chek Jawa mangrove forest was consistent with studies conducted in 
mangrove forests in the region (Yuen et al., 2013). Komiyama et al. (2008) 
reviewed A/R ratio in mangrove trees and found that they are typically between the 
ratio of 2 to 3. Such low A/R ratio is a result of a high proportion of biomass 
allocated in its belowground roots system to support the mangrove trees in the soft 
substrate (Komiyama et al., 2008; Yuen et al., 2013).  
Carbon stocks in the Chek Jawa seagrass meadow were compared with a 
global seagrass dataset, as carbon stock studies in the Southeast Asian region are 
limited. Aboveground and belowground organic carbon stocks at Chek Jawa 
seagrass meadow (0.15  0.06 Mg C ha-1) were an order of magnitude lower than the 
average organic carbon stocks (1.9  0.6 Mg C ha-1) estimated for seagrass meadows 
globally (Campbell et al., 2014; Fourqurean et al., 2012a; Fourqurean et al., 2012b; 
Kauffman et al., 2011). Organic carbon in the living seagrass biomass was typically 
assumed to be 35% (Fourqurean et al., 2012a), but it was found to be lower at the 
Chek Jawa site, with an average of 27.5%. Low AGC and BGC in the Chek Jawa 





seagrass meadow were largely due to differences in tropical versus subtropical 
seagrass species and stature. The seagrass meadow at Chek Jawa is dominated by 
the small-leaved pioneer species Halophila ovalis, which stores lesser aboveground 
and belowground organic carbon compared to climax seagrass species such as the 
Posidonia oceanica (Fourqurean et al., 2007). The latter is common in the 
Mediterranean, where it can form extensive meadows over centuries (Duarte et al., 
2010; Gacia et al., 2002; Serrano et al., 2012). Although carbon content in the Chek 
Jawa seagrass meadow is low, they still support a high biodiversity of flora and 
fauna, and provide other important ecosystem services (Chapter 2.2). 
 
6.2.2 Sediment organic carbon stocks 
In general, sediment organic carbon stocks dominated the ecosystem carbon stocks 
in both the mangrove forest (Indo-Pacific region) and seagrass meadow (global 
study) with a mean of 72% and 99% respectively. When making comparisons across 
such a wide geographical region, it is common to have extreme values reported in 
different localities and median values could be used to account for such extremities 
(different mean and median carbon values were observed for mangrove sediment 
only, hence, mean values were used for AGC and BGC in the sections above and 
Corg in the following sections). 
Mangrove forests in the Indo-Pacific region store 7.4  2.5% Corg, higher than 
4.5  0.4% Corg at Chek Jawa mangrove forest (Adame et al., 2013; Donato et al., 
2011; Jones et al., 2014; Kauffman et al., 2011; Kauffman et al., 2014; Ray et al., 
2011; Sitoe et al., 2014; Thompson et al., 2014; Tue et al., 2014). However, when 
differentiated by geomorphic setting, the Chek Jawa mangrove forest store 1.6 times 
higher Corg compared to the estuarine mangrove forest of 2.8  2.3%, while oceanic 





mangrove forests store a median of 13.5  2.9% (Table 2.1). This disparity is largely 
due to contributions from allochthonous marine sources resulting in oceanic 
mangroves storing higher amount of Corg than estuarine mangroves (Donato et al., 
2011; Kauffman et al., 2011). 
At Chek Jawa, sediment organic carbon stock in the mangrove forest was 
measured to a depth of 1 m. However, in most mangrove carbon study sites in the 
region, the soil depth measured varies from 1 m to 3 m, making ecosystem carbon 
stocks comparisons difficult. Sediment with deeper depths will amount to higher 
organic carbon stocks per hectare. Hence, sediment organic carbon stocks in the 
region were recalculated to 1 m depth. Sediment organic carbon stock was 
extrapolated to 1 m for sediment depths that were sampled to less than 1 m. For 
sediment depths that were sampled between 1 m and 2 m, sediment organic carbon 
stock was assumed to be 75% of the reported carbon value. For sediment depths that 
were sampled to more than 2 m, sediment organic carbon stock was assumed to be 
50% of the reported value regardless of the depth sampled.  
The new sediment organic carbon stock estimates provide a more realistic 
basis for comparison between the different sites in the region (Figure 6.1). However, 
this new estimate may still be an overestimate as sediment organic carbon tend to 
decrease with sediment depth (Donato et al., 2011; Kauffman et al., 2014). The 
median sediment organic carbon stock across the region (including this study), 
calculated using the new estimate is 322  58 Mg C ha-1, comparable to the Chek 
Jawa mangroves (307  33 Mg C ha-1). Again, when differentiated by geomorphic 
setting, sediment organic carbon stocks in the oceanic mangroves were higher than 
the estuarine mangroves with a median of 390  73 Mg C ha-1 and 296  88 Mg C 
ha
-1
 respectively. Higher Corg and sediment organic carbon stock at Chek Jawa as 





compared to the regional estuarine mangroves may be a result of its close proximity 
to the seagrass meadow, enabling the mutual coupling of detritus in both systems 
(Gillis et al., 2014; Hemminga et al., 1994). 
 
 
Figure 6.1 Sediment organic carbon stock of mangrove forests in the region estimated to a 
depth of 1 m. Red line indicates the median sediment organic carbon stock of all studies 
analysed to a depth of 1 m. 
 
References are : (1) This study (2) Donato et al., 2011; (3)Tue et al., 2014; (4) Ray et al., 
2011; (5) Kauffman et al., 2014; (6) Sitoe et al., 2014; (7) Thompson et al., 2014; (8) 
Adame et al., 2013; (9) Kauffman et al., 2011 and (10)  Jones et al., 2014. 
 
Sediment organic carbon content at Chek Jawa seagrass meadow (3.0  0.2%) 
was higher than the average (2.51  0.49%) reported for the global seagrass 
community (Fourqurean et al., 2012a) and higher than the extensive seagrass 
meadows of Florida Bay and Shark Bay, with average organic carbon content of 
2.39% and 3.03% respectively (Table 2.2). This is largely a result of the 
geographical position and geomorphic setting of the Chek Jawa seagrass meadow, 





with strong autochthonous and allochthonous influences. Although sediment tracing 
was not attempted in this study, mutual coupling of detritus in both the seagrass 
meadow and the adjacent mangrove forest could have resulted in the high sediment 
organic carbon content (Gillis et al., 2014; Hemminga et al., 1994).  
In the global seagrass carbon stock studies, soil depth was measured to 1 m 
(except for the Palau site), similar to this study (Table 2.2). When compared to the 
sediment organic carbon stocks in the global seagrass meadows, Chek Jawa (140  
23 Mg C ha
-1
) was comparable to the global average (149  108 Mg C ha-1) as 
reported by Fourqurean et al. (2012). Higher global average was attributed to the 
large organic carbon stocks in the Mediterranean and South Australia, comprising 
climax seagrass species such as the Posidonia spp. and Amphibolis antarctica which 
stores higher amount of organic carbon and further contributes to the autochthonous 
carbon input in the sediment. When compared to the seagrass meadows in the Indo-
Pacific, organic carbon stock at Chek Jawa was five-fold higher. This suggests 
extremely high organic carbon storage at the Chek Jawa seagrass meadow but could 
also be due to the lack of studies in the region (Figure 6.2) (Fourqurean et al., 
2012a). 
Only one other study on Corg in sandbars was conducted in northeast Spain. 
Sediment organic carbon content at the Chek Jawa sandbars (0.6  0.16%) were 
lower compared to Spain, with a mean of 0.74% (Gacia et al., 2002) but high bulk 
densities, as in the case of Chek Jawa, make them potential stores of carbon. 
Currently, no organic carbon studies were done in the mudflat, hence no 
comparisons could be made with the mudflat at Chek Jawa. 
 






Figure 6.2 Sediment organic carbon stocks of global seagrass meadows to a depth of 1 m, 
except for the Palau site, which has a sediment depth of 14 cm. Red line indicates the 
median sediment organic carbon stock of all studies analysed to a depth of 1 m. 
 
References are : (1) This study (2) Fourqurean et al., 2012a (3) Campbell et al., 2014; (4) 
Fourqurean et al., 2011; (5) Kauffman et al., 2011                                                                                                                                                                                                                           
 
Of the limited studies that analysed Corg with depth, it was found that Corg 
decreased with depth. The decrease in Corg was more pronounced for mangrove 
sediment that were sampled to more than 1 m (Adame et al., 2013; Donato et al., 
2011; Kauffman et al., 2014). For the seagrass Corg studies, Florida Bay showed 
decreases down core whereas Shark Bay showed an increase in Corg with depth, 
similar to the Chek Jawa site (Fourqurean et al., 2012b). Reduction in productivity 
might be a probable reason for the lower Corg in the surficial core in Shark Bay 
(Fourqurean et al., 2012b). Lower Corg in the surficial sediment at Chek Jawa was 
likely due to a change in depositional regime from climax seagrass species to 





pioneer seagrass species, and the deposition of sandy particles (contain lesser Corg) 
from coastal reclamation in Singapore and development in the nearby Johor region. 
However, these carbon studies only provide a single habitat perspective. 
Kauffman et al. (2011) examined the ECS in both mangrove and seagrass habitats in 
Palau, but their study was to demonstrate a reduction in carbon stocks if mangroves 
were replaced by seagrass communities. In reality, intertidal habitats do not exist in 
isolation but co-exist with other vegetated and unvegetated habitats (Gillis et al., 
2014; Hemminga et al., 1994). While unvegetated mudflats and sandbars may not 
have autochthonous carbon contribution and living biomass to aid in sediment 
accretion and retention, they are still potential stores of carbon.  
 
6.3 Comparison with other carbon stocks studies in Singapore 
Carbon studies have traditionally focused on terrestrial ecosystems because of high 
carbon storage, predominantly in the living biomass (Dixon et al., 1994), and the 
incorporation of terrestrial forested ecosystems in conservation instruments such as 
the REDD+ initiatives (Ziegler et al., 2012) and Payments for Ecosystem Services 
(Tacconi, 2012). Comparisons between intertidal ecosystems and broad terrestrial 
ecosystem categories have been made previously on a regional scale (Adame et al., 
2012; Donato et al., 2011; Fourqurean et al., 2012a), though other studies conducted 
in Singapore (Ngo et al., 2013) allow us to make comparisons of carbon along larger 
gradient of ecosystems, from sandbar-mudflat-seagrass-mangrove to primary-
secondary rainforest.  
Ecosystem carbon stocks in the primary and secondary forest of the Central 
Catchment Nature Reserve (24 km from Chek Jawa) were calculated at an average 
of 303.4 Mg C ha
-1 
and 234.9 Mg C ha
-1 
respectively (Ngo et al., 2013). Methods 





used in measuring carbon stocks in the primary and secondary forests differ from the 
method used in this study, but similar units of measurements were used allowing 
comparisons to be made (Figure 6.3). High organic carbon stocks in the living 
biomass of the primary and secondary forests in Singapore were due to higher 
stature of trees. More than 55% of forest trees have DBH ≥ 30 cm, as compared to 
the intertidal mangrove forests with an average DBH of 16.4 cm, hence, resulting in 
higher organic carbon stocks in the terrestrial forests (Ngo et al., 2013). The primary 
forest is dominated by Diperterocarpaceae and Fabaceae, two families known for 
having very tall trees for effective seeds dispersal (Ngo et al., 2013), thereby, 
resulting in trees of higher stature and high organic carbon stocks.  
 
 
Figure 6.3 Comparison of ecosystem carbon stocks of intertidal and terrestrial habitats in 
Singapore. Bars represent standard errors for the entire ecosystem carbon stock. Note: 










Secondary forest had higher sediment organic carbon stock than the primary 
forest due to high fine root biomass in the top soil, contributing to high sediment 
organic carbon stock (Ngo et al., 2013). While sediment organic carbon stock in the 
top 1 m of the secondary forest was high, it was still lower than the sediment organic 
carbon stock in the intertidal habitats. Sediment organic carbon stock was two-fold 
higher in the intertidal habitats (mean of 178  43.2 Mg C ha-1 across all four 
habitats) than the terrestrial forests (mean of 90.7  13.2 Mg C ha-1) demonstrating 
the importance of sediment in organic carbon storage in intertidal habitats.  
Comparison of ECS in the mangrove forest and seagrass meadow of Chek 
Jawa with other studies demonstrates the high amount of organic carbon stored in 
our intertidal habitats. It also highlights the importance of unvegetated habitats in 
carbon storage, which may be on same order of importance as vegetated habitats 
such as seagrass meadows. Commonly assumed decreases in sediment organic 
carbon content with depth, may not apply to all sites due to site-specific depositional 
regime and geomorphic conditions, hence, examining sediment properties with 
depth is important to better estimate ECS.   
 
6.4 Limitations and future research opportunities 
This research presents the first ECS assessment across an intertidal habitat mosaic of 
mangrove, seagrass, mudflat and sandbars in Singapore. It serves as a study for 
which future carbon research could be based upon. While the aim of this research 
has been met, there are some limitations that prevent a holistic understanding of 
ECS at Chek Jawa.  
Difficulties in obtaining a 1 m sediment core at the mudflat and sandbar 
habitats resulted in a small sample size of three and two sediment cores respectively. 





A full core of deeper sediment was difficult to obtain (a minimum of 50-70 cm was 
required for this study), especially at the sandbars due to the existence of high 
amount of sand particles which prevented the gouge auger from penetrating into the 
sediment. The low number of sediment cores at the mudflat and sandbars limited the 
use of statistical analyses for comparison of carbon stocks between the different 
habitats. 
Intertidal habitats are usually several meters deep but only sediment in the 
top 1 m were sampled at Chek Jawa, hence, underestimating the ecosystem carbon 
stocks in the intertidal habitat mosiac. While sediment in the top 1 m are most 
vulnerable to remineralisation (Fourqurean et al., 2012a) when disturbed, land cover 
and land use changes will likely affect deeper sediment layers. Underestimation of 
more than 50% could be expected, based on the review of recent Corg in both 
mangroves and seagrass habitats (chapter 6.2.2), where sediment depths were 
sampled up to 3 m. As Corg increased with depth at Chek Jawa, it is likely that 
underestimation of SOC and its carbon storage potential could be greater than 50%. 
Sampling deeper sediment will allow for a better understanding of SOC and Corg 
with depth at Chek Jawa. 
Ecosystem carbon studies in intertidal habitats have gained increasing 
interest in recent years due to global climate change. While this study was conducted 
in Singapore, the concept and methods are applicable to intertidal habitats 
worldwide. The lack of such studies on a broader ecosystem scale also provides 
future research opportunities. First, while a one-time carbon stocks assessment was 
sufficient for this research, long term ECS assessments, after a five or ten year 
period, could be conducted to determine changes and stability of carbon stocks. This 





will provide insights into possible structural/speciation changes in the habitats as 
well as climate change and its impact on carbon storage in intertidal ecosystems. 
Second, carbon sequestration and erosion rates of sediment could be 
determined through surface elevation of the intertidal habitats (Lovelock et al., 
2013). This will allow us to better understand and manage Chek Jawa given that 
reclamation and coastal development around the intertidal habitat mosiac and 
possible future sea level rise could result in accretion or erosion of the intertidal 
habitats, which will likely alter its carbon storage potential. This could be done by 
using the rod surface elevation table (RSET-MH) approach (Cahoon et al., 2002a,b) 
to determine depth of sediment at Chek Jawa and subsequent elevation and carbon 
storage with time. 
Third, elemental and isotopic analysis could be done to determine the 
depositional regime, transport and exchange of autochthonous and allochthonous 
sources in the sediment. Strong connectivity exists between the terrestrial and 
marine environment (Gillis et al., 2014) as well as the various intertidal habitats at 
Chek Jawa. Such connectivity may play important roles in providing nutrients for 
intertidal organisms in addition to organic matter and organic carbon storage of 







This thesis investigated the contribution of vegetated mangrove forest and seagrass 
meadow alongside unvegetated mudflat and sandbars to the ecosystem carbon stocks 
at Chek Jawa intertidal habitat mosaic. The aim of this thesis has been addressed 
through the two research questions set out in Chapter 1.3. Major findings of this 
thesis is summarised below: 
 
Research question 1: Do vegetated habitats such as mangrove forests and seagrass 
meadows have higher ecosystem carbon stocks than unvegetated habitats such as 
mudflats and sandbars? 
Ecosystem Carbon Stocks (ECS): aboveground organic carbon stocks (AGC), 
belowground organic carbon stocks (BGC) and sediment organic carbon stocks 
(SOC) of individual habitats were quantified at Chek Jawa intertidal habitat mosaic. 
 Chek Jawa is composed of multiple natural-occurring habitats, mangrove 
forest, seagrass meadow, mudflat and sandbars. It is a rich store of organic 
carbon with a total ECS of 6356 Mg C in an area of 31 ha (Chapter 5.4, 
Figure 5.6). Mangrove forest stored the highest amount of per hectare 
organic carbon (497  44.9 Mg C ha-1), while ECS at the seagrass meadow, 
mudflat and sandbars were comparable (138  8.6 Mg C ha-1, 143  15.5 Mg 
C ha
-1
 and 124  3.1 Mg C ha-1 respectively).  
 Vegetated habitats such as mangroves and seagrasses do not necessarily store 
a higher amount of carbon than unvegetated habitats such as mudflats and 




sandbars. In the case of Chek Jawa, mudflat stored a higher per hectare ECS 
than seagrasses, likely due to its position between the mangrove forest and 
seagrass meadow, obtaining organic carbon inputs from both habitats. Also, 
due to seasonal fluctuations in the extent of the seagrass meadow, the current 
mudflat could have been part of the mangrove forest or extensive seagrass 
meadow. 
 In the vegetated mangrove forest and seagrass meadow, SOC dominated the 
total carbon storage, constituting 62% and >99% respectively. Mudflat and 
sandbars, given the lack of vegetation and low proportion of land area it 
occupies, store a substantial amount of organic carbon, on a similar order as 
the seagrass meadow (see Chapter 5, Figure 5.5 & 5.6). Most of the organic 
carbon is stored in its sediment, highlighting the importance of anoxic soil in 
organic carbon accumulation of both autochthonous and allochthonous 
material in the intertidal ecosystem. 
 Close proximity of Chek Jawa to the Johor River, a major source of 
allochthonous organic carbon, may have contributed to the sediment organic 
carbon input. This coupled with the multiple spatially-linked biologically 
diverse habitats within Chek Jawa, has led to the high sediment organic 
carbon stocks due to mutual coupling of primary and secondary production 
(Chapter 6.1). 
 Although the land area occupied by the intertidal habitats are small, per 
hectare ECS is considerably high when compared to studies done in other 
intertidal habitats (Chapter 6.2) and the terrestrial forests in Singapore 
(Chapter 6.3). 
 




Research question 2: Sediment organic carbon stock is expected to dominate ECS, 
but are sediment organic carbon content and other sediment properties consistent 
with depth? 
Variations in sediment properties: organic carbon content, organic matter, bulk 
density and particle size distribution, in relation to sediment depth were determined.  
 Higher Corg with depth observed in all four habitats was characterized by 
higher clay content (Figures 5.3 & 5.4). This shows that intertidal habitats 
that are dominated by clayey sediment exhibit the potential to retain organic 
carbon, hence, accounting for the low bulk density with depth. It also 
demonstrates the likelihood of a different depositional regime (Chapter 6.1 & 
6.2). 
 Mangrove sediment showed a decrease in bulk density and increase in Corg 
with depth. Seagrass meadow, mudflat and sandbars displayed a similar 
trend in its sediment bulk density, with a slightly lower bulk density at the 
top of the core; an increase in bulk density in the sub-surficial sediment and a 
decrease thereafter.  
 Across all habitats, proportion of sand was highest at the top of the sediment 
cores, indicating a recent increase in the deposition of sand particles, likely a 
result of changing sediment input from the nearby Johor River, in addition to 
the extensive coastal development and reclamation projects in Singapore in 
the past five decades. 
 
This thesis investigated the ecosystem carbon stocks of vegetated and unvegetated 
intertidal habitats at Chek Jawa, Singapore. While increasing focus has been placed 
in the role of intertidal habitats such as mangrove forests and seagrass meadows in 




carbon sequestration and storage, this study suggests that unvegetated intertidal 
habitats such as mudflats and sandbars can also make a significant contribution to 
organic carbon storage, and should be considered a part of blue carbon initiatives. 
Excluding these habitats will underestimate the whole ecosystem carbon storage 
potential of spatially-linked intertidal systems. With rapid coastal development 
continuing throughout the tropics, more intertidal habitats will be affected by 
deforestation, reclamation and land-use changes. The potential contribution of 
intertidal habitats to carbon sequestration and the numerous ecosystem services 
provided will be undermined. More holistic landscape-scale assessments should be 
done to properly manage these spatially-linked intertidal systems.  
 
7.2 Implications 
Singapore realises the need for expertise and knowledge creation in climate change, 
carbon trading and services and is actively engaging companies to work on 
developing low carbon projects and carbon footprinting (NCCS, 2012). While most 
of the effort has been on creating new technologies to reduce carbon emissions, we 
should take a step back and look at our natural ecosystems that are already 
mitigating such emissions. Our ecosystems, especially the intertidal habitats, are 
able to sequester and store carbon in both their living biomass as well as deep layers 
over millennia scales (Donato et al., 2011; Fourqurean et al., 2012a).  
This research extends current scientific knowledge of an important 
ecosystem service, carbon storage, provided by the vegetated and unvegetated 
intertidal habitats, which may contribute to greenhouse gas emission when disturbed. 
Singapore has made major changes to the coastline through decades of land 
reclamation and port development. This research will better inform urban planners 




and conservation managers of potential carbon losses with land use conversion, 
development or reclamation in the intertidal habitats. It also seeks to encourage the 
conservation and restoration of these biologically diverse and ecologically functional 
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